Effects of aging on martensitic transformation temperature, microstructure and shape memory characteristics were investigated for Ti 50 
Introduction
Ti-Ni shape memory alloy actuators have been successfully used in a number of applications because of their superior shape memory effect, i.e. high recovery force, large recoverable strain, and excellent dimensional stability. However, the maximum working temperature of commercially available Ti-Ni shape memory alloys is normally limited to around 350 K due to their low transformation temperatures. 1, 2) Over the last decade high temperature shape memory alloys have attracted considerable attention, and increasing demands for actuators capable of operating in high temperature environment above 373 K have stimulated the development of novel high temperature shape memory alloys.
38)
The martensitic transformation temperature of Ti-Ni is raised above 373 K by the addition of Zr and Hf in replacement of Ti. However, poor workability and large transformation hysteresis of Ti-Ni-(Hf, Zr) alloys have limited practical applications.
412) The addition of noble alloying elements, such as Pd, Au and Pt, in replacement of Ni also increases the martensitic transformation temperature of Ti-Ni. 3, 1316) Among the alloys containing noble elements, Ti-Ni-Pd base alloys have attracted the most research attention due to their attractive combination of high transformation temperature, small hysteresis, high work output, adequate workability, and relatively low price.
1416)
The shape memory properties become considerably deteriorated as the working temperature increases, because the plastic deformation processes are activated and the permanent deformation is easily introduced. Therefore the improvement of dimensional stability, i.e. resistance to permanent deformation, of Ti-Ni-Pd alloys has been an important issue for the last decade. 1719) There have been many efforts to improve the dimensional stability of Ti-Ni-Pd alloys through quaternary alloying and microstructure control. 15, 2024) It has been well acknowledged that precipitation hardening is one of the most effective ways to increase the critical stress for slip and improve the dimensional stability of Ti-Ni base alloys. Very recently, Khan et al. reported that the addition of Cu to Ti-Ni-Pd alloys facilitates the formation of TiPdCu and Ti 2 Pd precipitates, and these precipitates improve the high-temperature cyclic and dimensional stability.
2530) However, the high densities of these precipitates reduced not only martensitic transformation temperatures but also recovery strain.
In this study, the effects of aging on martensitic transformation temperature, microstructure and shape memory characteristics were investigated for a Ti-rich Ti-Ni-Pd alloy. 18 Pd 30 alloys are referred to in shorthand form by their Ti content, i.e. 50Ti and 52Ti. The ingots were melted six times and flipped over after each melting. Then they were sealed in a quartz tube under vacuum and homogenized at 1223 K for 7.2 ks. The ingots were sliced into 1 mm thick plates using an electro discharge machine (EDM). These sliced plates were cold rolled up to 30% and solution treated at 1173 K for 3.6 ks. Specimens for X-ray diffraction (XRD), microstructural studies, hardness testing, differential scanning calorimetry (DSC) and shape memory testing were cut by EDM. These specimens were aged at various temperatures between 673 and 1073 K for 3.6 ks. Solution treatments and aging treatments were done in Ar-filled quartz tubes followed by ice water cooling with crushing the quartz tubes. Phase constitutions at 298 K were determined by XRD analysis using a Cu K¡ source. Microstructure analysis was carried out by electron probe microanalysis (EPMA, JEOL JXA 8530F) and transmission electron microscopy (TEM, JEOL 2010F). TEM specimens were prepared by twin jet electro-polishing at 233 K using an electrolyte consisting of 85 vol% methanol (CH 3 OH) and 15 vol% sulfuric acid (H 2 SO 4 ). Microhardness tests were carried out at 298 K on an Akashi HM102 hardness tester using a 50 g load. Transformation temperatures were determined by DSC with a heating and cooling rate of 10 K min ¹1 . Shape memory properties of some selected specimens were investigated by thermal cycling test (with a heating and cooling rate of 10 K min ¹1 ) under various constant tensile stress levels. The tests were conducted in nitrogen gas atmosphere in order to prevent oxidation and improve thermal conductivity. Figure 1 shows room temperature XRD profiles of the 50Ti and 52Ti alloys solution treated at 1173 K and aged at 673, 773, 873, 973 and 1073 K for 3.6 ks. For the 50Ti alloy, only the peaks of the B19 orthorhombic martensite phase were observed and no other peak was detected in all the specimens which were solution treated and aged at various temperatures as shown in Fig. 1(a) . For the 52Ti alloy, only the peaks of the B19 phase were observed in the solutiontreated specimen, as shown in Fig. 1(b) . However, after aging at 673 and 773 K, the B19 peaks became broader as compared to those of the solution-treated specimen. The 52Ti alloy aged at higher temperatures, e.g. 873, 973 and 1073 K, gradually started to show relatively sharper B19 peaks. It is also noticed that small peaks of Ti 2 Pd precipitates were present in the 52Ti alloy aged at 873, 973 and 1073 K. Figure 2 shows back-scattered SEM images of the solution-treated 50Ti ( Fig. 2(a) and (b)) and 52Ti ( Fig. 2(c) and (d)) alloys. Typical self-accommodated martensite structure was clearly visible in both alloys. In addition, second phase particles (seen as black) of Ti 2 Ni-type (or Ti 4 Ni 2 O-type) which were not clearly detected by XRD were observed in both alloys. Table 1 shows EPMA results of the matrix and second phase particles. It is considered that Ti 2 Ni-type particles were formed during solidification after arc melting. It is noted that the Ti content of the matrix of the solutiontreated 52Ti alloy remained approximately 1.9% Ti-rich even though the Ti-rich Ti 2 Ni-type precipitates had been formed.
Experimental Procedure

Results and Discussion
XRD analysis
Microstructure analysis
Backscattered SEM images of the 50Ti and 52Ti alloys aged at 673, 773, 873, 973 and 1073 K are shown in Fig. 3 and Fig. 4 , respectively. It is evident from Fig. 3 that the microstructure of the 50Ti alloy aged at various temperatures showed no obvious change in comparison with solutiontreated specimen of the same alloy. On the other hand, the microstructure of the 52Ti alloy was found to be apparently dependent on aging temperature. After aging at 673 K, the microstructural change of the 52Ti alloy was not visually detectable in the backscattered SEM image as shown in Fig. 4(a) . In the specimens aged at 773 K (Fig. 4(b) ) and 873 K (Fig. 4(c) ), grain boundaries became visible although precipitates were not observed clearly. In the specimens aged at higher temperatures, i.e. 973 K and 1073 K, formation of black precipitates was detected within the grains as well as on the grain boundaries as shown in Fig. 4 (d) and 4(e). It is noticed that the precipitates formed in the grains are significantly different both in terms of morphology and size as compared to that of on the grain boundaries. It was also observed that the size of both type of precipitates increased and their numbers decreased with increasing aging temperature.
Microstructure analysis of the 52Ti alloy aged at various temperatures and in solution treated condition was carried out using TEM at higher magnifications to further investigate the presence of the intragranular precipitates. Figure 5 (a) and (b) show TEM bright field images and corresponding SAD patterns of the solution-treated 52Ti alloy which was heated up to the temperature where B2 phase was stable during TEM observation. The TEM microstructure of the 52Ti-ST sample showed that only B2 phase was present and no precipitate was observed. of diffraction spots. One of them is corresponding to the B2 structure and the rest are two sets of Ti 2 Pd-type precipitates with a C11 b structure. 31, 32) Figure 6 (a)(e) show the dark field images of the 52Ti alloy aged at 673, 773, 873, 973 and 1073 K taken by using the 002 reflection of the Ti 2 Pd-type precipitates. Although the backscattered SEM results did not reveal the presence of the intragranular Ti 2 Pd-type precipitates in the 52Ti alloy aged at 673, 773 and 873 K, the dark field images confirmed the existence of high density of fine intragranular Ti 2 Pd-type precipitates which could be beneficial to improve the resistance against plastic deformation. The size of the precipitates in 673 K aged sample was estimated to be 210 nm in length and 12 nm in width. The TEM results also confirmed that as the aging temperature increased, the size of the precipitates increased and their numbers decreased. It is supposed that the absence of the peaks of Ti 2 Pd-type precipitates in the XRD profiles of 52Ti alloy aged at 673 K and 773 K is due to their low volume fraction. Figure 7 shows the change in the hardness of both the alloys with respect to the aging temperature. Aging of 50Ti alloy at various temperatures did not cause any noticeable change in hardness as compared to that of solution-treated specimen. The solution-treated 52Ti alloy exhibited relatively higher hardness than that of the solution-treated 50Ti alloy. This can be attributed to the solid solution strengthening effect of Ti which was added in excess of equiatomic percentage. The hardness increased remarkably from 258 H v to 312 H v and 337 H v by aging at 673 and 773 K, respectively, due to the precipitation hardening caused by the high density of fine Ti 2 Pd-type precipitates as shown in Fig. 6(a) and (b) . Higher-temperature aging decreased the hardness gradually because of the loss of precipitation hardening effect due to the increased size and decreased number of the Ti 2 Pd-type precipitates as shown in Fig. 6(c)(e) . Figure 8 shows the DSC curves of the 50Ti and 52Ti alloys solution treated at 1173 K and aged at 6731073 K. The reverse transformation peak temperature of each specimen was measured and the results are plotted in Fig. 9 . It is seen that there was no significant change in the transformation temperature by aging, irrespective of aging temperature, in case of 50Ti alloy. On the other hand, the transformation temperature was sensitively dependent on the aging temperature in case of 52Ti alloy. After aging at 673 K, the transformation temperature decreased significantly as compared to that of the solution-treated 52Ti alloy. The transformation temperature increased with increasing aging temperature from 673 K to 973 K, and then decreased by further increasing aging temperature to 1073 K. It has been well acknowledged that, in the Ti-Ni binary alloy system, the transformation temperature is insensitive to the Ti content in the Ti-rich compositions; however, in this study, the 52Ti alloy exhibited a lower transformation temperature compared with the 50Ti alloy in the solution treated condition as shown in Fig. 9 . This can be explained by the differences of matrix compositions of the Ti-Ni binary alloy system and Ti-Ni-30Pd alloy system. In the Ti-rich TiNi binary alloys, the composition of matrix remains constant by increasing Ti 2 Ni precipitates with increasing Ti content. On the other hand, it is apparent that the Ti content of the matrix of the solution-treated 52Ti alloy is higher than that of the 50Ti alloy as shown in Table 1 , resulting in the lower transformation temperature in the 52Ti alloy.
Micro-hardness measurement
Martensitic transformation temperature
For the 50 Ti alloy, all aged specimens exhibited almost the same transformation temperature compared with that of solution-treated specimen, which is consistent with the fact that the aging treatment did not cause any microstructure change as shown in Fig. 1(a) and Fig. 3 . On the other hand, the transformation temperature and microstructure of the 52Ti alloy were significantly changed by aging at various temperatures. As shown in Fig. 9 , the reverse transformation temperature decreased significantly by aging at 673 K and increased gradually with increasing aging temperature. The aging temperature dependence of the transformation temperature of the aged 52Ti alloys can be explained by two factors, i.e. the matrix composition and pinning effect of Ti 2 Pd-type precipitates. The precipitates block the growth of the favorable martensite variant, thus reduce the martensitic transformation temperature. On the other hand, the formation of Ti 2 Pd-type precipitates decreases Ti-content of the matrix, causing the increase of the transformation temperature. It is considered that the decrease of the transformation temperature after aging at 673 K is also due to the strong pinning effect of the fine Ti 2 Pd-type precipitates which were formed in the grain interior. The increase of the transformation temperature after aging at higher temperatures 773, 873 and 973 K can be explained by two reasons: the weakening of pinning effect because of the coarsening of intragranular Ti 2 Pd-type precipitates and the decrease of Ti content of the matrix owing to the formation of both intragranular and grain-boundary Ti 2 Pd-type precipitates which have higher Ti contents as compared to that of matrix. It is noted that the specimens aged at 873 K or higher exhibited higher transformation temperatures when compared with the solution treated specimens, implying that the effect of the decrease in the Ti content of matrix became dominant. 
Enhancement of Shape Memory Properties through Precipitation
Hardening in a Ti-Rich Ti-Ni-Pd High Temperature Shape Memory Alloy
Constant stress thermal cycling test
Constant stress thermal cycling tests were carried out to investigate shape memory properties of the 50Ti and 52Ti alloys solution treated and aged at various temperatures, and the results are shown in Fig. 10 and Fig. 11 . The solid and dashed lines correspond to the strain-temperature curves upon cooling and heating, respectively. The shape memory effect was observed in all specimens. A schematic explanation of the measurement scheme of the shape memory characteristic is shown in Fig. 10(a) : symbols M s , M f , A s and A f are abbreviations of the temperatures for martensitic transformation start, its finish, reverse martensitic transformation start and its finish, respectively, and symbols ¾ r and ¾ p denote the recovery and plastic strains, respectively. In all specimens transformation temperatures increased with increasing applied stress obeying the Clausius-Clapeyron relationship. Figure 10 shows that the solution treated and aged specimens of the 50Ti alloys exhibited similar transformation temperatures which is consistent with the results of DSC measurements as shown in Fig. 9 . Figure 12 (a) shows the applied stress dependence of ¾ r and ¾ p for the 50Ti alloys solution treated and aged at various temperatures. The ¾ r and ¾ p of the 50Ti alloys exhibited similar responses to applied stress irrespective of aging temperature: ¾ r increased with increasing stress until reaching a maximum at 300 MPa then decreased with further increasing stress, while ¾ p increased slightly with increasing stress at lower stress levels (50100 MPa) and started to increase considerably at 200 MPa. At 500 MPa, ¾ p increased to above 4% and ¾ r decreased to about 2% in all specimens. The increase of the plastic strain resulted in the continuous decrease of shape recovery ratio, which is defined as ¾ r / (¾ r + ¾ p ). The shape recovery ratio of about 90% at 100 MPa decreased to 65% at 300 MPa where the maximum recovery strain was obtained, and then further decreased below 50% at 400 MPa. These results are reasonable because no aging effects appeared in the 50Ti alloys.
On the other hand, the 52Ti alloys revealed prominent superior dimensional stability and shape memory properties upon thermal cycling as shown in Fig. 11 . It is noted that shape memory properties were strongly dependent on the aging temperature for the 52Ti alloys. Figure 12(b) shows that ¾ r increased gradually with increasing stress and became saturated; however the saturated value is dependent on the aging temperature. Figure 12 also reveals the aging temperature dependence of ¾ p . The solution treated specimen and the specimens aged at lower temperatures of 673 and 773 K exhibited excellent dimensional stability: ¾ p was almost zero at 300 MPa or less. In order to evaluate the effect of aging temperature on shape memory properties, ¾ r and ¾ p measured at a fixed stress of 500 MPa are plotted in Fig. 13 . It is seen that excellent shape memory properties with a large ¾ r (3.23.5%) and a small ¾ p (0.30.4%) even at 500 MPa were observed in the 52Ti alloys solution treated and aged at lower temperatures of 673 and 773 K. Aging at higher temperatures of 873 and 973 K decreased ¾ r but increased ¾ p , resulting in the deterioration of shape memory properties. It is interesting to note that a large ¾ r with a small ¾ p was observed again in the specimen aged at 1073 K. The aging temperature dependence of shape memory properties of the 52Ti alloys can be explained by the change of morphologies of Ti 2 Pd-type precipitates. The excellent dimensional stability with a small ¾ p in the 52Ti alloy aged at 673 K is likely due to the formation of fine and dense Ti 2 Pdtype precipitates as shown in Fig. 6(a) . The dimensional stability decreased gradually as the size of the fine intragranular Ti 2 Pd-type precipitates increased and density decreased after higher-temperature aging treatments i.e. 873 and 973 K. It is noticed that the solution-treated 52Ti alloy, which did not reveal the Ti 2 Pd-type precipitates in TEM observation ( Fig. 5(a) ) also showed excellent dimensional stability. This behavior can be explained by the hypothesis that fine Ti 2 Pd-type precipitates were formed during the constant stress thermal cycling experiment. Actually, in this experiment the specimen was first heated up to 673 K and a predefined load was applied taking several minutes. Then the loaded specimen was thermally cycled within the temperature range of 193673 K and the applied stress was increased at 673 K taking several minutes again. Therefore, it is expected that Ti 2 Pd-type precipitates were formed in the solutiontreated 52Ti alloy during this experiment, which led to excellent dimensional stability. Similarly, it is expected that the formation of fine Ti 2 Pd-type precipitates occurred in the 52Ti alloy aged at a higher temperature of 1073 K during constant stress thermal cycling experiment. Therefore, the 52Ti alloy aged at 1073 K showed better dimensional stability than those of the 52Ti alloy aged at 973 K.
Although more quantitative research remains to be done, it is clear that the fine Ti 2 Pd-type precipitates are very effective in improving dimensional stability in Ti-Ni-Pd based high temperature shape memory alloys. And also it is concluded that the working temperature range of the Ti-Ni-Pd based high temperature shape memory alloys can be raised by changing the Ti content which promotes the formation of fine Ti 2 Pd-type precipitates.
Conclusions
(1) This study provided an evidence of the formation of fine Ti 2 Pd type precipitates upon aging in Ti rich TiNiPd based ternary system within the aging temperature range of 673-1073 K. (2) The size of the nanoscaled precipitates was observed to increase and their number decreased with increasing aging time. (3) The Ti 2 Pd type nanoscaled precipitates were found to be very effective in enhancing the high temperature dimensional stability during shape memory cycling. (4) The current study also indicated that the working temperature range of the Ti-Ni-Pd based high temperature shape memory alloys can be raised by changing the Ti content which plays a significant role in the formation of fine Ti 2 Pd-type precipitates. (5) It was also observed that in TiNiPd systems, containing 50 at% Ti, martensitic transformation temperatures are adversely affected both by increasing or decreasing the Ti contents of the alloy. alloy; recovery strain and plastic strain measured at a fixed stress of 500 MPa.
